Apoptosis is a critical mechanism for cellular homeostasis, and evasion from apoptosis is one hallmark of human cancers.^[@bib1]^ Cancer cells prevent cell death induction by deregulation of multiple components of the apoptosis signaling network such as inhibitor of apoptosis (IAP) proteins.^[@bib2]^

IAP proteins are often abundantly expressed in various cancers.^[@bib2]^ They are characterized by harboring at least one baculovirus IAP repeat domain (BIR) and by inhibiting apoptosis in multiple ways.^[@bib2]^ X-linked IAP protein (XIAP) blocks caspase activity via direct binding, whereas cellular IAP (cIAP) proteins possess E3-ligase activity because of their RING (really interesting new gene) domain and regulate canonical and noncanonical nuclear factor-*κ*B (NF-*κ*B) signaling by ubiquitination.^[@bib2]^ cIAP-mediated K63-linked polyubiquitination regulates receptor-interacting protein 1 (RIP1) function and is necessary for tumor necrosis factor receptor 1 (TNFR1)-stimulated activation of the canonical NF-*κ*B pathway.^[@bib3],\ [@bib4]^ Phosphorylation and degradation of I*κ*B*α* releases p50/p65 dimers from inhibition, and favors their nuclear translocation and transactivation of NF-*κ*B target genes.^[@bib4]^ On the contrary, cIAP proteins inhibit noncanonical NF-*κ*B activation by constitutively ubiquitinating NF-*κ*B-inducing kinase (NIK) in a complex together with TNFR-associated factor 2 (TRAF2) and TRAF3, thereby marking it for proteasomal degradation.^[@bib5]^

Upon apoptosis induction, IAP proteins are antagonized by their endogenous inhibitor Smac (second mitochondria-derived activator of caspase), which is released from the mitochondrial intermembrane space, enabling the activation of caspases.^[@bib2]^ The development of pharmacological IAP inhibitors such as Smac mimetics is considered as a promising therapeutic approach to promote apoptosis in cancer cells.^[@bib2]^ Smac mimetics neutralize the inhibitory function of XIAP and favor autoubiquitination and subsequent degradation of cIAP1/2.^[@bib6],\ [@bib7]^ In addition to activation of caspases, Smac mimetics have been described to trigger an NF-*κ*B-dependent autocrine/paracrine TNF*α* loop, which induces cell death by facilitating the formation of a TNF*α*-induced cytosolic complex II consisting of caspase-8, Fas-associated protein with death domain and RIP1, which drives caspase-8 activation and cell death.^[@bib6],\ [@bib7]^

The interferon regulatory factor (IRF) family is a class of transcription factors involved in the regulation of immune processes and oncogenesis.^[@bib8]^ To date, there are nine family members that all contain a helix--turn--helix N-terminal DNA-binding domain and a regulatory C-terminal portion, which mediates interaction with each other and other transcription factors.^[@bib8]^ IRFs bind to interferon-stimulated response elements and have been implicated in the transactivation or repression of target genes.

IRF1 was the first member identified by its transcriptional regulation of the interferon-*β* (*IFNβ*) gene^[@bib9]^ and is one of the best characterized family members. IRF1 is a short-lived protein with a half-life of \~30 min owing to the K48-linked polyubiquitination at its C terminus and subsequent proteasomal degradation.^[@bib10]^ IRF1 can be transcriptionally upregulated upon activation of the JAK/STAT or NF-*κ*B pathway^[@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ or in response to genotoxic stress.^[@bib15]^ Besides its well-described function in the regulation of IFN-inducible genes, IRF1 has been reported to act as a tumor suppressor that regulates the expression of genes involved in apoptosis, cell growth control and angiogenesis.^[@bib16],\ [@bib17],\ [@bib18],\ [@bib19]^ Furthermore, interaction of IRF1 with other transcription factors, including NF-*κ*B subunits p50 and p65, has been shown to modulate target and stimulus specificity.^[@bib20],\ [@bib21]^

To exploit Smac mimetics as anticancer therapeutics, it is pivotal to understand their molecular mechanism of action. Therefore, we aimed to identify novel key regulators of Smac mimetic-induced apoptosis in the present study.

Results
=======

IRF1 is necessary for BV6-mediated cell death
---------------------------------------------

To gain new insights into the molecular mechanisms underlying BV6-induced cell death, we performed whole-genome expression profiling in an NF-*κ*B-proficient and -deficient system to filter BV6-inducible, NF-*κ*B-regulated factors, as we previously described a proapoptotic function of NF-*κ*B in Smac mimetic-induced cell death.^[@bib22],\ [@bib23],\ [@bib24]^ Using this approach, we identified IRF1 as one of the top 10 upregulated NF-*κ*B target genes upon treatment with BV6 ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"} and [Supplementary Table 2](#sup1){ref-type="supplementary-material"}). As IRF1 has been implicated as an inducer of apoptosis,^[@bib16],\ [@bib18],\ [@bib25]^ we decided to explore the role of IRF1 in the context of BV6-triggered apoptosis in more detail.

To test whether IRF1 is required for BV6-induced cell death, we monitored different parameters of cell death in a panel of IRF1-depleted cancer cell lines ([Figure 1a](#fig1){ref-type="fig"}). Control experiments confirmed the specificity of IRF1 siRNA to silence IRF1 compared with other IRF family members ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Importantly, IRF1 knockdown significantly rescued cells from BV6-induced loss of cell viability and apoptosis ([Figures 1b and c](#fig1){ref-type="fig"} and [Supplementary Figures 3 and 4A](#sup1){ref-type="supplementary-material"}). Induction of apoptosis was confirmed by Annexin-V/propidium iodide (PI) staining ([Supplementary Figures 4B and 5](#sup1){ref-type="supplementary-material"}). These findings support our hypothesis based on our gene expression profiling data that IRF1 represents a critical regulator of BV6-triggered cell death.

IRF1 is indispensable for BV6-mediated TNF*α* induction
-------------------------------------------------------

Next, we aimed to identify the mechanism underlying the requirement of IRF1 for BV6-mediated cell death. As TNF*α* production has been shown to be necessary for Smac mimetic-induced cell death,^[@bib6],\ [@bib7]^ we tested whether TNF*α* is required for BV6-induced cell death in our cell systems. Treatment with BV6 stimulated the production of TNF*α* mRNA as well as the secretion of TNF*α* protein ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). TNFR1 silencing using two independent siRNA sequences efficiently protected cells from BV6-induced loss of cell viability and apoptosis^[@bib26]^ ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}). Consistently, we previously demonstrated that the addition of the TNF*α*-blocking antibody Enbrel protected against BV6-induced cell death.^[@bib26]^ These data confirm that TNF*α* is required for BV6-mediated cell death in our cell lines.

Next, we explored whether IRF1 is required for BV6-mediated upregulation of TNF*α*. Importantly, IRF1 knockdown prevented the maximal induction of TNF*α* mRNA levels upon BV6 treatment ([Figures 2a and b](#fig2){ref-type="fig"} and [Supplementary Figures 8A and B](#sup1){ref-type="supplementary-material"}). In addition, IRF1 knockdown significantly reduced the BV6-stimulated secretion of TNF*α* into the cell culture supernatant ([Figure 2c](#fig2){ref-type="fig"} and [Supplementary Figure 8C](#sup1){ref-type="supplementary-material"}), confirming that changes in TNF*α* mRNA levels translate to protein expression. These experiments show that IRF1 is indispensable for BV6-induced upregulation of TNF*α* mRNA and protein expression.

To investigate whether IRF1-stimulated TNF*α* expression is responsible for BV6-induced apoptosis, we tested whether the supply of exogenous TNF*α* restores BV6-mediated cell death in IRF1-knockdown cells based on our findings that these cells are defective in TNF*α* upregulation upon treatment with BV6 ([Figures 2b and c](#fig2){ref-type="fig"} and [Supplementary Figures 8B and C](#sup1){ref-type="supplementary-material"}). To mimic the endogenous TNF*α* response upon BV6 treatment, which stimulates the autocrine/paracrine production of TNF*α* in BV6-sensitive tumor cells^[@bib26]^ ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}), we applied low doses of TNF*α* with a time delay of 15 h after BV6 treatment. Intriguingly, addition of TNF*α* reversed the protection provided by IRF1 silencing and substantially restored BV6-mediated cell death in IRF1-depleted cells ([Figure 2d](#fig2){ref-type="fig"} and [Supplementary Figure 8D](#sup1){ref-type="supplementary-material"}). Taken together, these experiments indicate that IRF1 mediates BV6-induced cell death by upregulating TNF*α*.

IRF1 selectively controls BV6-induced NF-*κ*B target genes
----------------------------------------------------------

As we previously reported that BV6 induces various NF-*κ*B-regulated target genes,^[@bib27],\ [@bib28]^ we wondered to which extent IRF1 is required for this BV6-stimulated NF-*κ*B response. For this purpose, we monitored the expression levels of three typical NF-*κ*B target genes upon BV6 treatment. BV6 triggered the induction of interleukin-8 (IL-8), p100 and RelB in an NF-*κ*B-dependent manner, as inhibition of NF-*κ*B by overexpression of I*κ*B*α*-superrepressor (SR) overexpression abrogated this upregulation ([Figure 2e](#fig2){ref-type="fig"}). Interestingly, knockdown of IRF1 only efficiently prevented BV6-mediated IL-8 induction, whereas upregulation of p100 and RelB remained largely unaffected ([Figure 2f](#fig2){ref-type="fig"} and [Supplementary Figure 9](#sup1){ref-type="supplementary-material"}). Consistently, IRF1 silencing partially reduced BV6-stimulated NF-*κ*B transcriptional activity, whereas knockdown of p65, as key component of NF-*κ*B signaling, almost completely abolished both basal and BV6-induced NF-*κ*B transcriptional activity ([Figure 2g](#fig2){ref-type="fig"}). These findings support the notion that IRF1 selectively regulates a distinct set of BV6-induced NF-*κ*B target genes and contributes to NF-*κ*B activation.

IRF1 cooperates with p65 in BV6-induced cell death
--------------------------------------------------

To address the question whether IRF1 and NF-*κ*B cooperate in BV6-induced cell death, we concomitantly knocked down IRF1 and p65 ([Supplementary Figure 10](#sup1){ref-type="supplementary-material"}). Importantly, simultaneous knockdown of IRF1 and p65 cooperated to decrease BV6-mediated cell death ([Figure 3a](#fig3){ref-type="fig"}). Consistently, double knockdown most efficiently hampered BV6-stimulated induction of TNF*α* mRNA levels and NF-*κ*B transcriptional activity ([Supplementary Figure 11](#sup1){ref-type="supplementary-material"}). These data confirm a cooperative role of IRF1 and p65 in BV6-induced cell death. By comparison, silencing of other NF-*κ*B subunits such as RelB or c-Rel had no or moderate effects on BV6-induced cell death ([Supplementary Figure 12](#sup1){ref-type="supplementary-material"}).

IRF1 is required for TNF*α*-mediated TNF*α* induction
-----------------------------------------------------

We next asked whether IRF1 is also required for the induction of TNF*α* in response to other stimuli that activate NF-*κ*B. As TNF*α* is a prototypical NF-*κ*B stimulus that engages a self-sustaining feedforward cycle, we used TNF*α* to test this hypothesis. To this end, we compared TNF*α*-stimulated production of TNF*α* in control and IRF1-depleted cells. Of note, knockdown of IRF1 significantly attenuated TNF*α*-stimulated induction of TNF*α* mRNA ([Figures 3b and c](#fig3){ref-type="fig"}). This experiment showing that TNF*α* induction by a different NF-*κ*B stimulus also depends on IRF1 suggests that IRF1 more generally regulates TNF*α* expression.

Minor contribution of IRF5 to BV6-induced cell death
----------------------------------------------------

Next, we also explored whether other IRF family members are involved in BV6-induced cell death and cytokine production. IRF5 has recently been implicated in the sustained TNF*α* response in dendritic cells upon lipopolysaccharide (LPS) stimulation.^[@bib29]^ To explore whether IRF5 contributes to BV6-induced cell death, we knocked down IRF5 by two independent siRNA sequences ([Supplementary Figure 13A](#sup1){ref-type="supplementary-material"}). Depletion of IRF5 somewhat reduced BV6-triggered cell death as well as the upregulation of TNF*α* ([Supplementary Figures 13B and C](#sup1){ref-type="supplementary-material"}). By comparison, BV6 did not substantially alter IRF5 mRNA levels ([Supplementary Figure 13D](#sup1){ref-type="supplementary-material"}). These findings demonstrate that IRF5 has a minor contribution to BV6-stimulated cell death and TNF*α* expression.

BV6 induces nuclear accumulation of IRF1
----------------------------------------

Next, we investigated how BV6 treatment regulates IRF1 expression and activity. As the *IRF1* gene is located on 5q31.1, a region that frequently displays copy number changes in tumors,^[@bib30],\ [@bib31],\ [@bib32],\ [@bib33]^ we examined whether the cell lines used in this study harbor a genetic alteration at the IRF1 locus. Analysis of IRF1 locus copy number revealed the same physiological number of gene copies in MDA-MB-231 and T24 cells compared with non-malignant HEK293T cells ([Supplementary Figure 14](#sup1){ref-type="supplementary-material"}), demonstrating that there is no genetic alteration at the IRF1 locus in these tumor cell lines.

Next, we explored whether BV6 treatment triggers upregulation of IRF1 mRNA levels. BV6 treatment significantly increased IRF1 mRNA levels in MDA-MB-231 and SK-N-AS cells ([Supplementary Figure 15A](#sup1){ref-type="supplementary-material"}). By comparison, IRF1 mRNA levels were slightly, but not significantly increased by BV6 in T24 cells ([Supplementary Figure 15A](#sup1){ref-type="supplementary-material"}), pointing to a context-dependent regulation of IRF1 mRNA levels by BV6.

As IRF1 is known as a short-lived protein with high proteasomal turnover,^[@bib10]^ we asked whether BV6 affects the half-life of IRF1. To address this question, we performed cycloheximide (CHX) chase experiments. Cells were pretreated with BV6 for 3 h before CHX was applied to prevent *de novo* protein synthesis of IRF1. Using this approach, we did not detect alterations in protein turnover of IRF1 upon BV6 treatment ([Supplementary Figure 15B](#sup1){ref-type="supplementary-material"}).

To explore whether BV6 affects the nuclear localization of IRF1, we prepared nuclear and cytosolic cell extracts. Treatment with BV6 resulted in a slight increase of IRF1 protein in the nucleus ([Supplementary Figures 15C and 5D](#sup1){ref-type="supplementary-material"}). We also noted that IRF1 was constitutively expressed exclusively in the nucleus ([Supplementary Figure 15C](#sup1){ref-type="supplementary-material"}).

Taken together, this set of experiments suggests that BV6 slightly increases nuclear localization of IRF1, whereas upregulation of IRF1 mRNA levels by BV6 depends on the context.

IRF1 is required for BV6-induced secretion of proinflammatory cytokines and recruitment of monocytes
----------------------------------------------------------------------------------------------------

As both NF-*κ*B and IRFs are involved in the regulation of immune processes, we investigated the effects of BV6 treatment on the induction of additional proinflammatory cytokines and possible implications on the immune system. Importantly, BV6 significantly increased the secretion of IL-8, IL-6, granulocyte--macrophage colony-stimulating factor (GM-CSF) and monocyte chemoattractant protein-1 (MCP-1) from tumor cells into the supernatant ([Figure 4a](#fig4){ref-type="fig"}), whereas IL-10 and VEGF remained largely unchanged (data not shown).

As these cytokines have been implicated in the recruitment of innate immune cells to the tumor site, we asked whether treatment of tumor cells with BV6 influences the attraction of monocytes. To address this question, we treated MDA-MB-231 cells with BV6 for 3 h to stimulate cytokine production followed by replacement with fresh, drug-free and reduced serum (0.1%) medium to avoid possible effects of BV6 and serum factors on immune cells. After overnight incubation, we applied peripheral blood mononucleated cells (PBMCs) from healthy donors in transwell inserts, which allow the diffusion of soluble factors, and let them migrate towards tumor cells. Interestingly, BV6 pretreatment of tumor cells significantly augmented the percentage of monocytes migrating towards tumor cells ([Figure 4b](#fig4){ref-type="fig"}). This suggests that BV6-induced cytokine secretion by tumor cells into the supernatant promotes the recruitment of monocytes.

Finally, we investigated whether IRF1 is required for BV6-mediated cytokine induction and monocyte recruitment. Interestingly, IRF1 depletion in tumor cells significantly attenuated BV6-stimulated secretion of IL-8, IL-6, GM-CSF and MCP-1 by tumor cells ([Figure 4c](#fig4){ref-type="fig"}). Importantly, IRF1 knockdown in tumor cells significantly impeded migration of monocytes towards BV6-treated tumor cells ([Figure 4d](#fig4){ref-type="fig"}). This set of experiments indicates that IRF1 expression in tumor cells is required for BV6-induced cytokine secretion by tumor cells and recruitment of monocytes towards tumor cells.

Discussion
==========

To exploit Smac mimetics as anticancer therapeutics, it is pivotal to understand their molecular mechanism of action. The novelty of the present study resides in the identification of IRF1 as a key dual regulator of BV6-mediated cell death and proinflammatory cytokine secretion with impact on the immune response using genome-wide gene expression profiling.

Several lines of evidence support this conclusion. First, IRF1 expression is indispensable for BV6-induced cell death in a panel of cancer cell lines, as siRNA-mediated depletion of IRF1 significantly rescues cells from BV6-induced loss of cell viability and apoptosis. Second, IRF1 mediates BV6-induced cell death, at least in part, by upregulating TNF*α*, as IRF1 knockdown attenuates BV6-stimulated TNF*α* upregulation in cells, which die in a TNF*α*-dependent manner upon treatment with BV6. In addition, exogenous supply of TNF*α* restores BV6-induced cell death in IRF1-knockdown cells. Third, IRF1 differentially regulates the BV6-stimulated NF-*κ*B response and is necessary for full NF-*κ*B transcriptional activity, as IRF1 silencing selectively prevents BV6-mediated induction of NF-*κ*B target genes, such as *TNFα* and *IL-8*, and attenuates BV6-stimulated NF-*κ*B transcriptional activation. Fourth, IRF1 is required for the BV6-stimulated secretion of inflammatory cytokines and immune response, as IRF1 silencing in tumor cells attenuates cytokine secretion by BV6-treated cells as well as by migration of primary monocytes towards tumor cells. Taken together, these data demonstrate that IRF1 has a dual role in BV6-mediated signaling: It acts as a proapoptotic factor in cell death induction and also affects the interaction of tumor cells with their microenvironment by promoting the secretion of cytokines and attraction of immune cells.

Our study reveals that IRF1 serves as a transcriptional activator, besides NF-*κ*B, that is essential to fully engage the BV6-triggered apoptotic program. Although NF-*κ*B has so far been implied in activating an autocrine/paracrine TNF*α* loop that drives Smac mimetic-induced apoptosis,^[@bib6],\ [@bib7]^ we now identify IRF1 as an additional transcriptional activator that is activated by BV6 and indispensable for full induction of TNF*α* and apoptosis. This conclusion is supported by our data showing that (1) IRF1 knockdown inhibits BV6-stimulated upregulation of TNF*α* and apoptosis, and that (2) the supply of exogenous TNF*α* restores BV6-mediated apoptosis in IRF1-depleted cells. IRF family members have previously been implicated in transcriptional regulation of TNF*α*. For example, IFNγ-triggered TNF*α* induction in mouse macrophages has been attributed to a cooperative regulation by IRF1 and IRF8^[@bib34]^ and IRF5 has been linked to LPS-induced TNF*α* upregulation in dendritic cells.^[@bib29]^ Additionally, IRF3 and TRIF (Toll/IL-1 receptor domain-containing adaptor-inducing IFN*β*) were reported to activate the TNF*α* promoter in a chronic ethanol abuse model.^[@bib35]^

Moreover, our study demonstrates that IRF1 expression in tumor cells controls BV6-stimulated secretion of several proinflammatory cytokines by tumor cells, which alters their communication with components of the immune system by triggering the recruitment of monocytes. IRF1 is required for this interaction of tumor cells with the microenvironment, as IRF1 depletion abolishes BV6-stimulated cytokine secretion and monocyte attraction. Genetic or pharmacological inhibition of IAP proteins has previously been shown to regulate spontaneous and TNF*α*-stimulated cytokine and chemokine production.^[@bib36]^ Furthermore, IRF1 expression in tumor cells was reported to mediate the crosstalk between tumor cells and natural killer (NK) cells by promoting the attraction of NK cells via increased secretion of the chemokine CXCL11, thereby contributing to immunosurveillance in the metastatic niche.^[@bib37]^ Ectopic expression of a cytosolic form of Smac has been described to promote tumor immunity by eliciting a proinflammatory cell death in cancer cells that engages an adaptive antitumor immune response via exposure of calreticulin.^[@bib38]^ Thus, Smac may modulate tumor immunity via its cytotoxic as well as its non-apoptotic effects on tumor cells. The observed non-apoptotic role of IRF1 in BV6-stimulated cytokine secretion in the present study is in line with our recent reports showing that Smac mimetic at non-toxic concentrations increases migration and invasion of glioblastoma cells in an autocrine/paracrine manner^[@bib27]^ and promotes glioblastoma cancer stem-like cell differentiation.^[@bib28]^

IRF1 is known as an NF-*κ*B target gene and has been reported to be upregulated by various NF-*κ*B stimuli such as CD40^[@bib11]^ or TNF*α* in combination with prostaglandin E2.^[@bib39]^ Our data showing that BV6 induces upregulation of IRF1 mRNA in a context-dependent manner in the investigated cell lines, while it slightly increases IRF1 protein expression in the nucleus, are consistent with additional, posttranscriptional mechanisms of IRF1 regulation. DNA binding of IRF1 has previously been reported to prevent its ubiquitination and protects the DNA-bound pool of IRF1 from proteasomal degradation.^[@bib40]^ However, BV6 treatment had no detectable effects on the half-life of IRF1, which is known as an unstable protein because of its constitutive K48-linked polyubiquitination and subsequent proteasome-dependent degradation.^[@bib10]^ Thus, additional studies are required to understand the context-dependent mechanisms of IRF1 regulation by BV6.

Components of the IFN signaling network have been described to directly interact with and to cooperatively induce target genes together with subunits of the NF-*κ*B signaling network.^[@bib20],\ [@bib21],\ [@bib41]^ Our study shows that IRF1 contributes to and modulates BV6-mediated NF-*κ*B activation, as IRF1 silencing selectively attenuates BV6-stimulated upregulation of *bona fide* NF-*κ*B target genes such as *TNFα* and *IL-8*, and dampens the NF-*κ*B transcriptional activity. Furthermore, our data demonstrate a functional cooperativity of IRF1 and p65, as concomitant knockdown of both components significantly reduces BV6-stimulated NF-*κ*B transcriptional activity, TNF*α* induction and cell death. Thus, several transcription factors including NF-*κ*B and IRF1 control the induction of TNF*α* and cell death by Smac mimetics.

By identifying IRF1 as a key mediator of BV6-induced cell death and cytokine response, our study contributes to an improved understanding of factors that determine sensitivity to Smac mimetics and predicts implications on the tumor microenvironment and immune system. The requirement of IRF1 for both BV6-initiated apoptosis and immune response might be ambivalent as it activates BV6-induced cell death, but it also favors a proinflammatory response with local and potentially also systemic consequences. On the one hand, IRF1 expression in tumor cells has been demonstrated to be essential for tumor immunosurveillance by promoting NK cell attraction via chemokine secretion by tumor cells.^[@bib37]^ On the other hand, cytokines including TNF*α*, IL-6 and IL-8 have been implicated in tumor progression via cancer-association inflammation, which involved the recruitment of immune cells to the tumor site where they were shown to support tumor growth.^[@bib42]^ Further studies are required to determine the implications of the BV6-stimulated, IRF1-regulated cytokine release on tumor immunity and tumor growth. As Smac mimetics are currently evaluated in early clinical trials,^[@bib2]^ a better understanding of Smac mimetic-initiated effects on tumor cells and their microenvironment has important implications for successful translation of this approach into clinical application.

Materials and Methods
=====================

Cell culture and chemicals
--------------------------

MDA-MB-231 breast carcinoma and SK-N-AS neuroblastoma cells were grown in DMEM medium (Invitrogen, Karlsruhe, Germany), T24 bladder carcinoma cells in McCoy\'s medium (Invitrogen) and Kym1 rhabdomyosarcoma cells in RPMI medium (Invitrogen) supplemented with 1% penicillin/streptomycin, 1% sodium pyruvate (both from Invitrogen) and 10% fetal calf serum (Invitrogen). The bivalent Smac mimetic BV6 that antagonizes XIAP, cIAP1 and cIAP2^[@bib6]^ was kindly provided by Genentech Inc. (South San Francisco, CA, USA) and Enbrel by Pfizer (Berlin, Germany). Recombinant human TNF*α* was purchased from Biochrom (Berlin, Germany). All chemicals were obtained from Sigma (Deisenhofen, Germany) unless indicated otherwise.

Transduction and siRNA transfection
-----------------------------------

Overexpression of the dominant-negative I*κ*B*α*-SR was performed by retroviral transduction as described previously.^[@bib43]^ For transient knockdown by siRNA, cells were transfected with 5 nM Silencer Select siRNA (Invitrogen) control siRNA (no. 4390844) or targeting siRNAs (s7501, s7502 for IRF1; s14265, 14266 for TNFR1) using Lipofectamine RNAi Max (Invitrogen) and OptiMEM (Life Technologies, Carlsbad, CA, USA).

Determination of apoptosis and cell viability
---------------------------------------------

Apoptosis was determined by flow cytometric analysis of DNA fragmentation of PI-stained nuclei using FACSCanto II (BD Biosciences, Heidelberg, Germany) as described previously.^[@bib44]^ The percentage of specific apoptosis was calculated as follows: % specific apoptosis=% induced apoptosis−% basal apoptosis. Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay according to the manufacturer\'s instructions (Roche Diagnostics, Mannheim, Germany).

Western blotting and nuclear extraction
---------------------------------------

Western blot analysis was performed as described previously^[@bib45]^ using the following antibodies: anti-*β*-actin (Sigma), anti-*α*-tubulin (Calbiochem, Darmstadt, Germany), anti-IRF1 and anti-TNFR1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-lamin A/C (Novacastra, Berlin, Germany). Donkey anti-mouse IgG or donkey anti-rabbit IgG labeled with IRDye infrared dyes were used for fluorescence detection at 700 nm 800 nm (LI-COR Biotechnology, Bad Homburg, Germany). IRF1 was immunodetected by enhanced chemoluminescence (Amersham Biosciences, Freiburg, Germany) using an anti-mouse IgG-HRP as the secondary antibody. Cytosolic and nuclear extracts were prepared as described previously.^[@bib46]^ Briefly, for isolation of nuclear proteins, pelleted nuclei were resuspended in RIPA buffer, sonicated and nuclear supernatants were obtained by centrifugation.

Quantitative RT-PCR
-------------------

Total RNA was extracted using peqGOLD Total RNA kit from Peqlab Biotechnologie GmbH (Erlangen, Germany) according to the manufacturer\'s instructions. cDNA synthesis and quantification of gene expression were performed as described previously.^[@bib26]^ Primers are listed in Supplementary Table 1. At least two independent experiments were performed for each gene. TNF*α* mRNA levels were assessed by TaqMan Gene Expression Assay (Life Technologies; Hs01113624_g1) according to the manufacturer\'s protocol.

Determination of cytokine production
------------------------------------

TNF*α* protein levels in cell culture supernatants were measured using TNF*α* human ultrasensitive ELISA Kit from Life Technologies according to the manufacturer\'s instructions. GM-CSF, IL-6, IL-8 and MCP-1 protein levels in cell supernatants were quantified using Cytometric Bead Array (CBA) Flex Sets, an LSRFortessa flow cytometer and FCAP software (all from BD Biosciences) following the manufacturer\'s instructions. Cells were seeded in 6-well plates and treated with BV6 in 1.25 ml medium for 15 h (TNF*α* ELISA) or 1.25 ml medium supplemented 20 *μ*M zVAD.fmk (Z-Val-Ala-Asp (OMe)-fluoromethyl ketone) for 15 h (CBA). Cell culture supernatant was centrifuged at 4 °C for 20 min, snap-frozen in liquid nitrogen and stored at −80 °C or directly subjected to cytokine measurement.

NF-*κ*B reporter assay
----------------------

NF-*κ*B transcriptional activity was determined using the NF-*κ*B Reporter System pTRH1-NF-*κ*B-EGFP from System Biosciences (Mountain View, CA, USA; no. TR503PA-1) according to the manufacturer\'s instructions. Briefly, NF-*κ*B transcriptional activity was determined by flow cytometric analysis of median FITC intensity of the living cell population as described previously.^[@bib26]^

Migration assay
---------------

MDA-MB-231 cells were seeded in 24-well plates, treated with 50 nM BV6 for 3 h before the medium was replaced by drug-free and reduced serum (0.1%) medium supplemented with 20 *μ*M zVAD.fmk and incubated overnight. Thereafter, 10^6^ freshly isolated PBMCs from healthy donors were applied in transwell inserts and allowed to migrate towards MDA-MB-231 cells in the lower compartment. The number of migrated monocytes was determined after 3 h using an LSRFortessa flow cytometer. Monocytes were identified as CD45+, CD3−, CD19−, CD14+ cells, and Flow-Count fluorospheres (Beckman Coulter, Krefeld, Germany) were used as an internal counting standard in each tube. The FlowJo 7.6.5 software (Treestar, Ashland, OR, USA) was used for data analysis.

Statistical analysis
--------------------

Statistical significance was assessed by two-sided Student\'s *t*-test using Microsoft Excel (Microsoft Deutschland GmbH, Unterschleißheim, Germany).
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![IRF1 is necessary for BV6-mediated cell death. MDA-MB-231, T24, Kym1 and SK-N-AS cells were transiently transfected with 5 nM siRNA against IRF1 or control siRNA. (**a**) IRF1 mRNA levels were analyzed after 24 h by quantitative reverse transcriptase-PCR (qRT-PCR) and normalized to 28S rRNA expression. Data are presented as fold change of control siRNA. Mean±S.D. of at least two independent experiments performed in duplicate are shown. (**b** and **c**) Cells were treated with indicated concentrations of BV6 for 72 h. Cell viability was measured by MTT and is expressed as the percentage of untreated controls (**b**) Apoptosis was determined by DNA fragmentation of PI-stained nuclei using flow cytometry and the percentage of DNA fragmentation with mean±S.E.M. of three to five independent experiments performed in duplicate is shown (**c**). \**P*\<0.05; \*\**P*\<0.01](cddis2014498f1){#fig1}

![IRF1 is indispensable for BV6-mediated TNF*α* induction and selectively controls BV6-induced NF-*κ*B target genes. MDA-MB-231 cells were transiently transfected with 5 nM siRNA against IRF1 or control siRNA. (**a**) Protein levels of IRF1 were analyzed after 24 h by western blotting. *β*-Actin served as a loading control. (**b**) Cells were treated with 50 nM BV6 for indicated time points. TNF*α* mRNA levels were assessed by quantitative reverse transcriptase-PCR (qRT-PCR) and normalized to 28S rRNA expression (**b**). Data are presented as fold increase of untreated control siRNA cells. Mean±S.E.M. of two independent experiments performed in duplicate are shown. (**c**) Cells were treated with 50 nM BV6 for 15 h, cell culture supernatants were harvested and assessed for TNF*α* protein levels by ELISA. Data are presented as fold change of treated control siRNA cells. Mean±S.D. of three independent experiments performed in duplicate are shown. (**d**) Cells were treated with 50 nM BV6 for 15 h. TNF*α* of 50 pg/ml was additionally added after 15 h and cells were analyzed after 48 h in total. Apoptosis was determined by DNA fragmentation of PI-stained nuclei using flow cytometry and the percentage of DNA fragmentation is shown with mean±S.D. of three independent experiments performed in duplicate. (**e**) MDA-MB-231 cells stably expressing I*κ*B*α*-SR or vector control were treated for indicated time points with 50 nM BV6. IL-8, p100 and RelB mRNA levels were assessed by qRT-PCR and normalized to 28S rRNA expression. Data are presented as fold increase of untreated vector control cells. Mean±S.E.M. of two independent experiments performed in duplicate are shown. (**f**) MDA-MB-231 cells were transiently transfected with 5 nM siRNA against IRF1 or control siRNA and were treated for indicated time points with 50 nM BV6. IL-8, p100 and RelB mRNA levels were assessed by qRT-PCR and normalized to 28S rRNA expression. Data are presented as fold increase of untreated control siRNA cells. Mean±S.E.M. of three independent experiments performed in duplicate are shown. (**g**) MDA-MB-231 cells stably expressing a GFP-labeled NF-*κ*B reporter construct were transiently transfected with 5 nM siRNA against IRF1, p65 or control siRNA and treated for 15 h with 50 nM BV6. NF-*κ*B transcriptional activity was assessed by flow cytometry and is displayed as fold increase of untreated control siRNA cells. Mean±S.D. of three independent experiments performed in duplicate are shown. \**P*\<0.05; \*\**P*\<0.01](cddis2014498f2){#fig2}

![IRF1 cooperates with NF-*κ*B in BV6-induced cell death. (**a**) MDA-MB-231 and Kym1 cells were transiently transfected with 5 nM siRNA against IRF1, p65 or control siRNA and treated with 50 nM BV6 (MDA-MB-231) or 100 nM BV6 (Kym1) for 72 h. Apoptosis was determined by DNA fragmentation of PI-stained nuclei using flow cytometry and the percentage of DNA fragmentation is shown with mean±S.D. of three independent experiments performed in duplicate. (**b** and **c**) MDA-MB-231 and T24 cells were transiently transfected with 5 nM siRNA against IRF1 or control siRNA and treated with 1 ng/ml TNF*α* for 2 h. mRNA levels of IRF1 (**b**) and TNF*α* (**c**) were assessed by quantitative reverse transcriptase-PCR qRT-PCR and normalized to 28S rRNA expression. Data are presented as fold change of treated control siRNA cells. Mean±S.D. of three to four independent experiments performed in duplicate are shown. \**P*\<0.05; \*\**P*\<0.01](cddis2014498f3){#fig3}

![IRF1 is required for BV6-induced secretion of proinflammatory cytokines and recruitment of monocytes. (**a**) MDA-MB-231 cells were treated with 50 nM BV6 supplemented with 20 *μ*M zVAD.fmk for 15 h and cell culture supernatants were harvested. GM-CSF, IL-6, IL-8 and MCP-1 levels were assessed by CBA and flow cytometry. Mean±S.D. of four independent experiments are shown. (**b**) MDA-MB-231 cells were treated with 50 nM BV6 for 3 h. Medium was replaced by fresh drug-free and reduced serum (0.1%) medium supplemented with 20 *μ*M zVAD.fmk and incubated overnight. A total of 10^6^ freshly isolated PBMCs were applied in transwells and allowed to migrate for 3 h. Percentage of migrated monocytes was assessed by flow cytometry. Mean±S.D. values of PBMCs from four different donors are shown. (**c**) MDA-MB-231 cells were transiently transfected with 5 nM siRNA against IRF1 or control siRNA, treated with 50 nM BV6 supplemented with 20 *μ*M zVAD.fmk for 15 h and cell culture supernatants were harvested. GM-CSF, IL-6, IL-8 and MCP-1 levels were assessed by CBA and flow cytometry. Data are presented as fold change of treated control siRNA cells. Mean±S.D. of four independent experiments are shown. (**d**) MDA-MB-231 cells were transiently transfected with 5 nM siRNA against IRF1 or control siRNA and treated with 50 nM BV6 for 3 h. Medium was replaced by fresh drug-free and reduced serum (0.1%) medium supplemented with 20 *μ*M zVAD.fmk and incubated overnight. A total of 10^6^ freshly isolated PBMCs were applied in transwells and allowed to migrate for 3 h. Percentage of migrated monocytes was assessed by flow cytometry. Data are presented as fold increase of untreated control siRNA cells. Mean±S.E.M. of two transfections with PBMCs from two to three different donors each are shown. \**P*\<0.05; \*\**P*\<0.01](cddis2014498f4){#fig4}
